Abstract Sphingosine 1-phosphate (S1P) is a multifunctional signaling lipid generated from sphingosine by sphingosine kinases. S1P formation has been shown in numerous cells in the circulation, including platelets, vascular endothelial and smooth muscle cells and monocytes. S1P also exerts multiple effects on these cells, i.e. cell proliferation and migration, activation of proinflammatory signaling pathways and release of additional inflammatory mediators. Similar activities and targets have also been identified for activated clotting factors such as thrombin or the activated factor-X (FXa), suggesting a possible involvement of S1P in thrombusassociated cellular signaling and thrombin-induced inflammatory reactions. Several levels of S1P-mediated, thrombin /FXa-induced signaling have already been identified: regulation of sphingosine kinase expression and activity, stimulation of S1P release from platelets and other cells and, possibly regulation of S1P-receptors on target cells. This review summarizes the current state of knowledge about S1P as a clotting factor-regulated molecular link between blood coagulation and inflammation. It is concluded that S1P might represent an until now underestimated lipid mediator of inflammatory reactions following activation of the clotting system and, in this context, also involved in the development and progression of atherosclerosis.
Introduction
A blood clot, formed within minutes after vascular injury not only serves to stop acute bleeding but also contains numerous chemical factors, most notably the clotting factors Xa and thrombin, that are necessary for subsequent tissue repair and remodeling [1, 2] . As soon as free tissue factor (TF) becomes exposed after vascular injury, the coagulation cascade is initiated. Binding of activated factor-VII to TF allows for the binding of factor X and its subsequent conversion to FXa. FXa then stimulates thrombin generation and subsequent platelet activation and fibrinogen cleavage, eventually resulting in the formation of a mural thrombus [3, 4] . These processes are amplified by a number of positive feedback mechanisms which ultimately result in huge amounts of thrombin, largely generated from the already existing thrombus, which play a pivotal role in post-thrombotic inflammatory and tissue repair reactions [5, 6] . In this context, it should be noted that the overwhelming portion of thrombus-associated thrombin, more than 95%, is formed after clotting is completed [7] . Consequently, inhibitors of thrombin and/or FXa attenuate inflammatory and proliferative responses in vascular cells in experimental settings [8] . These cellular effects of thrombin and FXa are mediated independently of each other via a family of G-protein coupled receptors, the protease-activated receptors-1, -2, -3 and -4 (PAR-1 to PAR-4) [9, 10] . While thrombin acts via PAR-1, PAR-2 and PAR-4, FXa can initiate signaling through PAR-1 and PAR-2. In addition, PAR-2 is activated by an array of other proteases such as coagulation factor VIIa, trypsin, tissue kallikreins or mast cell tryptase and possibly by other transmembrane serine proteases [11] . PARs are ubiquitously expressed in platelets, white blood cells and cells of the vasculature [10, 12] . In the vessel wall, PARs stimulate smooth muscle cell proliferation and migration, modify the composition of the extracellular matrix of blood vessels, and mediate proinflammatory responses [8, 9, 13, 14] . Because proliferation and migration of smooth muscle cells are considered key events in the development of atherosclerosis and vascular remodeling, these cellular effects of thrombin and FXa may directly contribute to the pathogenesis of vascular diseases such as progression of atherosclerosis and restenosis after vascular injury [6, 15, 16] .
The lysophospholipid sphingosine 1-phosphate (S1P) is a highly active lipid mediator [17] . S1P originates from the ceramide metabolism. Ceramides are generated either de novo from serine and palmitate or are derived from degradation of complex sphingolipids such as glycosphingolipids [18] and sphingomyelin, which represents the most abundant sphingolipid in human serum and plasma [19] . Ceramide can then be deacetylated by ceramidase to sphingosine, followed by phosphorylation by sphingosine kinases to produce S1P [18, 20, 21] . The levels of S1P in blood and tissues are tightly controlled. In human plasma, S1P concentrations within a low micromolar range have been reported [22] [23] [24] . In tissues, S1P levels are considerably lower and range presumably within low nanomolar concentrations [25, 26] . The resulting gradient between blood and tissue compartment controls cellular trafficking of immune cells such as monocytes and lymphocytes or migration of stem cells [18, [25] [26] [27] and is considered to be the key determinant to coordinate S1P signaling in vivo [28] . Pathophysiological events such as acute vascular injury or persistent proinflammatory challenges of the vessel wall during atherosclerosis [5] are characterized by the activation of the coagulation cascade and platelets thereby increasing local S1P concentrations. This may play an important role for directing immune cells to sites of local injury and directly links the coagulation system to S1P-mediated inflammatory responses in vivo.
Although it has been reported that S1P can also be synthesized in the extracellular space [29] , it is predominantly produced intracellularly by sphingosine kinase (SPHK) of which two the isoforms SPHK1 and SPHK2 exist [30, 31] . In early studies, S1P has been reported as an intracellular second messenger-like molecule which is crucial for cellular processes such as cell proliferation and mobilization of calcium from internal stores [32, 33] . The majority of studies however have focused on the functions of extracellular S1P. These numerous cellular actions are mediated by a specific family of G-protein-coupled S1P receptors of which five subtypes named S1P 1-5 are known to date [34, 35] . Extracellular S1P regulates proliferation and migration of divers cell types such as vascular cells but also in several tumor types [21] and is a critical regulator of the physiology of the immune and vascular systems, i.e. regulates lymphocyte egress, angiogenesis and platelet maturation and stem cell functions [25, [36] [37] [38] . In addition, recent studies highlight numerous interactions between blood coagulation and the S1P signaling system [18] . The purpose of this review is to summarize the current knowledge on the function of S1P as downstream mediator and modulator of inflammatory mechanisms in response to an activated blood coagulation system, specifically to thrombinand FXa-mediated signaling.
Clotting factor-induced SPHK1 expression and S1P production in vascular smooth muscle cells Thrombin and FXa regulate many genes in vascular smooth muscle cells, including those for inflammatory cytokines and cell proliferation [8] [9] [10] . These transcriptional effects on gene regulation and subsequent cellular reactions are partially due to the recruitment of additional signaling systems, i.e. release of growth factors such as fibroblast growth factor-2 [14, 39] , transactivation of the epidermal growth factor receptor [40] or activation of matrix-metalloproteinases [13] . This may also involve transcriptional upregulation and expression of receptors which have previously not been associated with smooth muscle cells such as the P2Y 12 ADP receptor, typically expressed in platelets and the molecular target of thienopyridine-type antiplatelet agents [41] . An interaction between thrombin-induced PAR-1 signaling and the S1P system via enhanced expression of SPHK1 and elevated S1P synthesis has been first been observed in epithelial and in endothelial cells [42] . In addition, the S1P system has been suggested as a downstream component of thrombin signaling also in other cell types. Work from Niessen et al. revealed a critical role of cross-talk between PAR1 and the S1P3 receptor in dendritic cells for the amplification of inflammation during sepsis [43] .
Further studies indicate a direct involvement of thrombin in regulating key processes of cellular proinflammatory responses in vascular smooth muscle cells. This involves activation of classical inflammatory transcription factors such as NF-κB [44] but also immune regulators that have more recently become of interest such as the forkhead-box-O transcription factor family [45] .
In addition to thrombin, FXa can independently activate PAR-1 and PAR-2. Recent work from our laboratory has shown that FXa regulates transcription of SPHK1 and elevates S1P biosynthesis in human vascular smooth muscle cells (Fig. 1A, 1B ) [46] . This stimulatory effect, observed in cultured cells, was seen at FXa concentrations (3 to 30 nM) which have been shown to occur during thrombus formation ex vivo [8] . Expression of SPHK1 by FXa was attenuated by inhibitors of the Rho-associated kinase and of classical PKC isoforms. In addition, FXa caused activation of the small GTPase RhoA in human smooth muscle cells. This is particularly interesting, because small GTPases are known to play key roles in mediating signaling responses of the S1P receptor [47] , suggesting a mutual interaction of S1P receptor-initiated signaling and regulation of S1P synthesis. Another aspect of the study was to demonstrate that FX/FXa is present within human carotid artery plaques and co-localizes with SPHK1 expression (Fig. 1C) . The presence of active coagulation factors in atherosclerotic tissue has also been shown by others [48] . This observation suggests a close relation between coagulation factor signaling and progression of the athero-thrombotic disease. Consequently, direct oral anticoagulants, like dabigatran and rivaroxaban, may attenuate the development of atherosclerotic lesions, an effect which has been described for mice [5] . Whether possible antiproliferative or antiatherogenic actions of the novel oral coagulation inhibitors involve affecting SPHK1 expression and modulate S1P-mediated signaling in patients, requires further investigations.
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Clotting factor-induced S1P release from activated platelets SPHK is highly active in platelets, which however lack the ability to synthesize sphingosine intracellularly. A recent study from Zang et al. shows that SPHK2 is the predominant isoform in human megakaryocytes and platelets [49] . A rapid uptake of extracellular sphingosine and subsequent phosphorylation into S1P has been proposed as the basic mechanism of S1P synthesis in platelets [50] . In addition to circulating plasma sphingosine, generation of sphingosine at the outer leaflet of the platelet membrane may provide a source for platelet S1P biosynthesis [51] . Platelets store S1P abundantly and secrete it upon activation [22, 50, 52, 53] because the S1P-degrading enzyme, S1P lyase, is absent in platelets. Interestingly, S1P plasma levels in thrombocytopenic mice were remained largely unchanged [27] , suggesting that resting platelets may not substantially contribute to circulating S1P concentrations in plasma. In the human, about 40% of S1P in platelet-rich plasma appear to be associated with the platelet [22, 54] and in patients with thrombocytopenia plasma S1P levels correlated most closely with platelet count [53] . Under conditions of enhanced platelet activation such as arterial thrombus formation, most likely the platelet becomes the predominant local source of S1P.
Platelets release huge amounts of S1P during blood clotting or upon direct activation with agonists of protein kinase C signaling like thrombin [55, 56] . Data from our group suggest a key role of thromboxane in S1P release from human platelets [22] . After platelet activation with potent agonists such as thrombin, thrombin receptor-activating peptides or with a high collagen concentration, secretion of platelet S1P is induced. This effect was largely prevented after inhibition of thromboxane formation by inhibitors of cyclooxygenase-1, such as aspirin, diclofenac or ibuprofen (Fig. 2 and [22] ), suggesting S1P release is mediated via thromboxane. The essential role of thromboxane in thrombin-induced S1P-release 
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was further documented by its inhibition with a thromboxane receptor antagonist and its absence in platelets from thromboxane receptor knockout mice [22] . Cellular S1P secretion requires active transport across the membrane by adenosinetriphosphate (ATP)-dependent carriers, members of the ATP transporter family. In mast cells or in erythrocytes ABCC1 or ABCA1, respectively, are involved in S1P release [57, 58] . In platelets, transporters exert important functions for translocation and storage of signaling molecules [59] . ABCC4, a member of the C-branch of the ABC transporters, is abundantly expressed in human platelets [60] . The combined use of several ABC transport inhibitors point to a role of ABCC4 for export of platelet S1P [22] , however the specific involvement and a possible pharmacological modulation of this transport candidate, requires further evaluation.
Further studies addressed the question, whether aspirin is effective to inhibit S1P secretion in human platelets in vivo. Oral aspirin either at 500 mg single dose or at 100 mg over three days attenuated agonist-induced S1P release from human platelets determined ex vivo. This was accompanied by inhibition of thromboxane synthesis (Fig. 2C and [22] ), indicating that aspirin was efficient to affect S1P release also after oral intake at antiplatelet doses. Recent data from Knapp et al. show a dose-dependent effect of aspirin with higher doses reducing plasma S1P, but no impact on basal platelet S1P [61] . This is in agreement with the observation that aspirin does not affect platelet de novo S1P synthesis [22] . Under conditions of elevated thrombin formation and platelet activation however, aspirin may attenuate platelet S1P release. A potential effect of aspirin on platelet S1P was investigated in patients with acute myocardial infarction. Here, application of aspirin (500 mg i.v.) attenuated S1P release and resulted in an containment of S1P within the platelet [54] . Interestingly, in certain clinical conditions, acute coronary syndromes, plasma S1P level decrease substantially [23, 24, 54, 62] . This may be explained by compartmentalization of plasma S1P to red blood cells or to certain carrier molecules such as HDL [24, 62] .
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The (patho)physiological functions of platelet-derived S1P are still incompletely understood. S1P has been implicated in the initiation phase of platelet aggregation in some [63] , but not all studies [22, 64] . While these varying results may in part reflect different experimental designs, S1P does not appear to function as a direct platelet agonist. However, platelets do express S1P receptors and recent studies in mice indicate a role for S1P in thrombopoiesis [37] .
Coagulation factor effects and S1P functions in endothelial cells
Blood-borne S1P is derived from several sources. Endothelial cells synthesize and secrete large amounts of S1P and contribute substantially to generating the high level present in the blood [28, 29] . Recent studies have revealed a critical role of the S1P transporter spinster homolog 2 (Spns2) for endothelial S1P release and for lymphocyte trafficking [65, 66] . This may however be of particularly importance for the secretion of lymph but not plasma S1P [67] . S1P regulates a wide array of biological functions in endothelial cells. Key functions in the endothelium involve stimulation of cell migration, regulation of proinflammatory responses [68, 69] and control of its barrier function [34, [70] [71] [72] . It is also well established that thrombin is an important regulator of vascular inflammation [73] . This includes induction of endothelial cell contraction and disruption of endothelial barrier integrity [74] , which is mediated via activation of the thrombin receptor PAR-1 [72] . More recently, it was found that S1P signaling can counteract this detrimental effect of thrombin. This involves Fig. 3 . The blood coagulation factors thrombin and FXa interact with local S1P availability and its cellular effects at multiple levels. In vascular smooth muscle cells, S1P synthesis and release is enhanced in response to activation of the receptors for thrombin and FXa (PAR-1 and PAR-2) due to transcriptional upregulation of SPHK-1. In human platelets, secretion of S1P is stimulated by potent agonists such as thrombin. This is mediated by thromboxane and involves an ABC-dependent transport mechanism. In addition, endothelial cells release S1P via Spns2. S1P regulates endothelial barrier function and cell migration and plays a key role in angiogenesis and presumably wound healing. These processes may also involve interactions between the receptors for S1P and thrombin. In monocytes, S1P enhances cellular activity and evokes proinflammatory responses, which may modulate their response to injury and during thrombosis. Abbreviations used: ABC, adenosine triphosphate-binding cassette transporter; COX-1, cyclooxygenase-1; FXa, activated coagulation factor X; NF-κB, nuclear factor-κB; PAR-1/-2, protease-activated receptor-1/-2; PKC, protein kinase C; Rho, Ras-homologue GTPase family member; S1P, sphingosine 1-phosphate; S1P 1-3 , S1P receptors 1 to 3; Spns2, spinster homolog 2; TXA 2 , thromboxane A 2 .
generation of activated protein C [72] and may thus be attributed to a partial inhibition of thrombin activity as well as activation of SPHK1 and consecutive release of S1P [75] . Thus, thrombin appears to induce S1P signaling in the endothelium to counteract its own action to induce vascular leakage.
Another level of interaction between coagulation factor and S1P signaling involves cross-talk of the respective receptor systems [43] . In particular systemic diseases such as sepsis, signaling through PAR-1 exerts opposing functions. This has been attributed to either promoting dendritic cell-dependent coagulation and inflammation or reducing sepsis lethality due to protein C activation and involves regulation of the vascular S1P (S1P1/S1P3) receptor balance [76] .
Not only PAR signaling but also S1P actions in endothelial cells appear to involve opposing mechanisms. While S1P on the one hand enhances barrier integrity to counteract thrombin effects and restore vascular homeostasis after injury, one other hand it synergizes with thrombin in upregulating the expression of TF in endothelial cells [77] . Thereby, S1P may enhance generation of thrombin under proinflammatory conditions such as atherosclerosis. In this context, a recent study from Campos et al. is of interest, which showed that the functional S1P receptor antagonist fingolimod [78] reduces infarct size and enhances blood-brain barrier integrity in rodent models of stroke [79] . To determine whether this observation, besides an effect on barrier function, involves direct thrombotic or antithrombotic mechanisms of S1P signaling requires further investigations.
Interactions between coagulation factors and S1P in monocytes
After activation of blood clotting and thrombus formation, immigration of inflammatory cells occurs, allowing for activation of the cellular immune system. Monocytes, as representatives of the innate immune system, play a major role in the initiation, propagation, and progression of atherosclerosis from a stable to an unstable state [80] . Thrombin induces a number of cellular effects in monocytes, i.e. enhances inflammatory responses such as release of IL-6 [81] and stimulates cell migration [82] . Monocytes express both thrombin and S1P receptors [83, 84] and both receptor families have been implicated in the development of atherosclerosis [5, 80] , in addition to their known interaction at the molecular level in other cell types [43] . Thus, it is likely that direct interactions may also link PAR and S1P signaling in monocytes. Preliminary data from our group indicate that S1P enhances thrombin-induced migration of human monocytes via transcriptional upregulation of PAR-4 [85] . This may enhance responsiveness and monocyte activity in response to local thrombin formation at sites of injury.
Another striking observation was the finding that sphingosine can inhibit monocyte tissue factor-initiated coagulation by altering factor VII binding [86] . The underlying molecular mechanism might involve direct allosteric inhibition of tissue factor activity or modulation of procoagulant cell membrane surfaces. However, the sphingosine concentrations required to see this effect were in the micromolar range [86] and it is unclear whether endogenous sphingosine or its conversion from locally release S1P could reach these high levels.
An indirect interaction which couples coagulation factor and S1P signaling during thrombus formation is the release of S1P from activated platelets (see above). Plateletderived S1P may modulate the biological responses of adjacent cells, including monocytes. Thus, platelets-derived S1P may -in concert with other chemokines -serve as a paracrine mediator to regulate monocyte migration and attract these cells to sites of vascular injury [22, 87] .
Conclusions and future perspectives
Signaling mechanisms of blood coagulation factors as well as the ubiquitous immunomodulatory actions of S1P represent essential physiological systems, which are intimately linked a several levels (see scheme in Fig. 3 ). Pathophysiological functioning of both systems are key elements of numerous diseases such as thrombosis, inflammation, atherosclerosis and cancer. Regulation of SPHK expression and thus the control of intracellular S1P synthesis by thrombin and FXa are involved in proliferative responses and chemotaxis in vascular endothelial and smooth muscle cells (Fig. 3) . This mechanism may thereby contribute to athero-thrombotic disease progression. Similar mechanisms may apply to other diseases strongly associated with inflammation and thrombosis, i.e. certain cancer types. Many cancer cells exhibit prothrombotic properties such as elevated TF and PAR expression [88, 89] and S1P has been identified as an important regulator in the pathophysiology of cancer [21, 36] .
Platelet activation especially during arterial thrombus formation may be the major source of local S1P release after vascular injury. The mechanism of S1P secretion from activated human platelet, i.e. after exposure to thrombin, requires generation of thromboxane, involves ABC-mediated transport and is mediated via the thromboxane receptor. Future antiinflammatory strategies could be focused on this unique release mechanism to modulate the pro-inflammatory and athero-thrombotic actions of activated platelets. Interestingly, the S1P receptor modulator fingolimod has recently been shown to ameliorate the severity of acute ischemic stroke in mice by reducing thrombo-inflammation rather than by direct neuroprotection [90] . Taken together, pharmacological targeting of the numerous mutual interactions of blood coagulation factors with the S1P system may offer exciting new perspectives for improved treatment of inflammatory diseases, including athero-thrombosis.
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